Whereas proliferating cells enter M phase shortly after DNA replication, the first M phase of meiosis is preceded by an extended prophase in which homologous chromosomes undergo recombination. Exit from prophase I is controlled by the recombination checkpoint (RC), which, in yeast, represses the meiosis-specific transcription factor Ndt80 required for the expression of B-type cyclins and other M phase regulators. We show that an extended prophase I additionally requires the suppression of latent, mitotic cell-cycle controls by the anaphasepromoting complex (APC/C) and its meiosis-specific activator Ama1, which trigger the degradation of M phase regulators and Ndd1, a subunit of a mitotic transcription factor. ama1D mutants exit from prophase I prematurely and independently of the RC, which results in recombination defects and chromosome missegregation. Thus, control of prophase I by meiotic mechanisms depends on the suppression of the alternative, mitotic mechanisms by a meiosisspecific form of the APC/C.
INTRODUCTION
Most eukaryotic genomes encode the machinery to orchestrate two types of cell division. Mitotic divisions generate genetically identical daughter cells because DNA replication alternates with an M phase in which sister chromatids segregate. Meiosis, by contrast, creates haploid gametes from diploid germ cells because DNA replication is followed by two consecutive M phases during which dyad chromosomes segregate in meiosis I (MI) and chromatids disjoin in meiosis II (MII). Although cyclindependent kinase 1 bound to cyclin B (Cdk1-Clb) is universally required for spindle formation, which marks entry into M phase, the timing of this event differs dramatically in mitosis and meiosis. Mitotic cells activate Cdk1-Clb soon after S phase, whereas meiotic cells do not activate Cdk1-Clb until after a long prophase during which homologous chromosomes (homologs) undergo recombination. Indeed, different transcription factors mediate entry into mitotic and meiotic M phase in yeast. How mitotic M phase controls are prevented from interfering with the long meiotic prophase is unclear. Here, we have addressed this question in budding yeast.
During meiotic prophase, homologs align and undergo reciprocal recombination to create bivalent chromosomes in which maternal and paternal centromeres are linked by crossovers (COs) and sister chromatid cohesion on chromosome arms. This link is essential for the biorientation of bivalents on the MI spindle (Petronczki et al., 2003) . Recombination is initiated at DNA double-strand breaks (DSBs) generated by the Spo11 nuclease (Keeney, 2008) and culminates in the formation of double-Holliday junctions (dHJs), which are resolved into COs at exit from prophase I (Schwacha and Kleckner, 1994) . CO formation is facilitated by two meiosis-specific chromosome structures (Page and Hawley, 2004) ; in early prophase I, chromosomes form condensed axes (or axial elements, AEs) when proteins such as yeast Red1, Hop1, and Mek1 associate with chromatin (Bailis and Roeder, 1998; Hollingsworth et al., 1990; Smith and Roeder, 1997) . AEs enable the homolog rather than the sister chromatid to serve as a template for the repair of DSBs. In late prophase I (pachytene), transverse filaments connect the AEs of homologs along their entire length to generate synaptonemal complexes (SCs), which promote the formation of dHJs.
In yeast, meiotic prophase lasts for at least 3.5 hr (Padmore et al., 1991) . Subsequent entry into MI depends on Ndt80, a meiosis-specific transcription factor that triggers spindle formation and SC disassembly by promoting the accumulation of M phase cyclins (Clb1 and Clb4) and the polo kinase Cdc5, respectively (Chu and Herskowitz, 1998; Sourirajan and Lichten, 2008) . Expression of NDT80 requires meiosis-specific regulators, including the transcription factor Ime1 and the kinase Ime2 (Vershon and Pierce, 2000). Ndt80's abrupt accumulation at exit from prophase I is enforced by two positive feedback loops; the NDT80 gene is activated by Ndt80 itself and is repressed by Sum1, which is inhibited, in turn, by the Cdk1 activity that results from Ndt80's appearance (Pak and Segall, 2002; Shin et al., 2010) . In the presence of DSBs, however, accumulation of Ndt80 is blocked by the meiotic recombination checkpoint (RC) (Tung et al., 2000) , which depends on both AE proteins and components of the general DNA damage checkpoint (Hochwagen and Amon, 2006) . Proliferating yeast cells enter M phase within 15 min after S phase (Lim et al., 1996) . The four B-type cyclins capable of promoting spindle formation accumulate in two waves-Clb3/ Clb4 appear when cyclin proteolysis declines in S phase, shortly followed by Clb1/Clb2 (Andrews and Measday, 1998) . Induction of CLB1/2 depends on the Mcm1-Fkh2-Ndd1 transcriptional activator complex, which is assembled upon phosphorylation of its Ndd1 subunit by M phase Cdk1 (M-Cdk1) (Breeden, 2000) . The ensuing positive feedback loop causes rapid accumulation of Clb1/2, Cdc5, and other M phase proteins. How this feedback loop is prevented from activating M-Cdk1 shortly after S phase of meiosis is unclear.
Because M phase proteins are subject to proteolysis resulting from ubiquitinylation by the anaphase-promoting complex (APC/C), they can only accumulate when the APC/C is inactive. APC/C is activated by substrate recognition factors (or activators), called Cdh1 and Cdc20, which bind to the APC/C in G1 and M phases, respectively (Peters, 2006) . APC/C Cdc20 triggers entry into anaphase by targeting for degradation M phase proteins and also securin (Pds1 in yeast), an inhibitor of cohesin cleavage by the separase protease. In meiosis, accumulation of Cdc20 in each M phase creates two waves of separase activity, which cleave cohesin's Rec8 subunit on chromosome arms at anaphase I and around centromeres at anaphase II (Petronczki et al., 2003) .
Proteolysis is one possibility for how meiotic cells might prevent mitotic M phase controls from interfering with an extended prophase I. It has been reported that APC/C Cdh1 is important for the prophase I arrest of fully grown mammalian oocytes (Holt et al., 2011) . It is unclear, however, when during the long prophase Cdh1 becomes active. Meiosis-specific APC/C activators have been discovered in yeasts and fruit fly, but their functions are poorly understood (Pesin and Orr-Weaver, 2008) . Interestingly, the meiotic APC/C activator of budding yeast, called Ama1, appears in S phase, although its established function is in spore formation in late meiosis (Cooper et al., 2000) . Here, we show that APC/C Ama1 suppresses mitotic cell-cycle controls during prophase I by triggering the degradation of Ndd1, M phase cyclins, and Cdc5. This is essential for an extended prophase I that is controlled by the RC and for proper homolog segregation at MI. Mathematical modeling supports a crucial role for APC/C Ama1 in the irreversible transition from prophase I to metaphase I.
RESULTS

APC/C
Ama1 Renders Formation of the Meiosis I Spindle
Dependent on Ndt80
To investigate whether APC/C Ama1 controls the duration of prophase I, we observed spindle formation in living wild-type (WT) and ama1D cells by using GFP-tubulin and the spindle pole body (SPB) component Cnm67-RFP ( Figure 1A ). WT cells separate SPBs and assemble an MI spindle $6.5 hr after induction of meiosis. Reduplication of SPBs and formation of MII spindles occur 40 min later. In ama1D cells, formation of the MI spindle is advanced by $1.5 hr, whereas MII spindles appear with normal timing. This was confirmed by using nuclear entry of the S-phase-promoting Cdc7 kinase as a reference (Figure S1A available online). We conclude that Ama1 is important to prevent premature assembly of the MI spindle.
In a WT meiosis, spindle formation depends on the transcription factor Ndt80. To investigate whether Ndt80 expression is altered in ama1D cells, we imaged Ndt80-GFP together with Cdc7-RFP or Cnm67-RFP. Whereas deletion of AMA1 blocks the degradation of Ndt80-GFP at anaphase II, it does not affect the appearance of Ndt80-GFP ( Figure S1B ), which is frequently preceded by premature SPB separation in the mutant cells (see also Figure 2C ). Analysis of strains lacking the NDT80 gene revealed that ndt80D cells arrest in prophase I, whereas ndt80D ama1D cells form an MI spindle, indicating activation of M-Cdk1. Indeed, ndt80D ama1D cells produce Clb1, Clb4, Cdc5, and Cdc20, all of which require Ndt80 for induction in the WT ( Figure 1B) . Thus, cells lacking Ama1 enter metaphase I independently of Ndt80. However, we did not observe progression beyond metaphase I, suggesting that Ndt80 is essential for anaphase I and MII, even in ama1D cells. Nevertheless, ndt80D ama1D cells differ from cells that arrest in metaphase I due to expression of CDC20 from the mitosis-specific CLB2 promoter ( CLB2 cdc20); ndt80D ama1D cells express the mitotic cyclin Clb2, produce Clb4 ahead of the other M phase proteins, and form a spindle 1.5 hr earlier than CLB2 cdc20 cells (relative to cohesin's binding to chromatin; Figure 1B ). With a shortened prophase and accumulation of M phase cyclins in two waves, meiotic ndt80D ama1D cells resemble mitotic cells. M phase proteins and a spindle also appear in ndt80D apc2-2 cells whose APC/C is inactive at 34 C ( Figure S1C ). By contrast, inactivation of Cdh1, Cdc20, or the Cdk1-inhibitory Swe1 kinase does not cause spindle formation in ndt80D cells ( Figure S1D ). We conclude that an extended meiotic prophase depends on See also Figure S1 . APC/C Ama1 , which prevents the activation of M-Cdk1 prior to the appearance of Ndt80.
M Phase Proteins and the Mitotic Transcriptional Coactivator Ndd1 Are Subject to Ama1-Dependent Proteolysis in Prophase I To investigate the premature accumulation of M phase proteins in cells lacking Ama1, we sought to measure their stability in prophase I. Thus, we expressed these proteins from the early meiosis-specific DMC1 promoter in ndt80D and ndt80D ama1D cells. To inhibit M-Cdk1 activity, we used cdc28-as strains whose Cdk1 is sensitive to the ATP-analog 1NMPP1 (Bishop et al., 2000) . At 0.5 mM, 1NMPP1 blocks spindle formation, but not premeiotic DNA replication . After arrest in prophase I and inhibition of protein synthesis with cycloheximide (CHX), Clb1, Clb4, and Cdc5 were found to be shortlived in Ama1-containing cells but to be stable in cells that lack Ama1 ( Figure 1C ) or contain temperature-sensitive APC/C subunits ( Figure 1D ). M phase proteins are also stabilized by the elimination of destruction boxes (D-boxes) and KEN-boxes, which are required for substrate recognition by the APC/C (Figure 1C) . We conclude that M phase cyclins and Cdc5 are short-lived in prophase I due to proteolysis triggered by APC/ C Ama1 . By contrast, the securin Pds1 is protected from Ama1-dependent proteolysis during prophase I by the inhibitory APC/ C subunit Mnd2 (Oelschlaegel et al., 2005; Penkner et al., 2005) .
To analyze the role of M-Cdk1 activity in the expression of M phase proteins, we treated ndt80D ama1D cdc28-as with 1NMPP1 ( Figure S2A ). Inhibition of M-Cdk1 strongly reduces the levels of Clb1/2, Cdc5, and Cdc20, but not those of Clb4. Indeed, a D-box mutation is sufficient for Clb4's accumulation in ndt80D single mutants ( Figure S2B ). We conclude that, in ndt80D ama1D cells, expression of Clb1/2, Cdc5, and Cdc20 requires M-Cdk1 activity. In the WT, by contrast, Ndt80-dependent expression of M phase proteins does not require M-Cdk1 (Sourirajan and Lichten, 2008) . In mitosis, M-Cdk1 causes induction of M phase genes by phosphorylating Ndd1, which then associates with the Mcm1-Fkh2 complex to generate an M-phase-specific transcriptional activator (Darieva et al., 2003; Koranda et al., 2000; Reynolds et al., 2003) . Whereas Mcm1 and Fkh2 are present in both ndt80D and ndt80D ama1D cells, Ndd1 appears at early prophase I only in the latter strain ( Figures  1B and S2C) . Thus, the AMA1 deletion might lead to assembly of the Mcm1-Fkh2-Ndd1 complex in meiosis.
We found that, in prophase-I-arrested cells, Ndd1 is shortlived in the presence of Ama1 but is very stable in its absence ( Figure 1C ). It is also stabilized upon inactivation of APC/C subunits ( Figure 1D ) or by mutating five D-box motifs (Ndd1mD; Figure 1C) . Ndd1mD accumulates in ndt80D cells when expressed from its own promoter ( Figure S2B ), indicating synthesis of Ndd1 even in the presence of Ama1. In mitotic cells, NDD1 is induced in late S phase by the transcription factor Hcm1 (Pramila et al., 2006) , which is also true for meiotic ndt80D ama1D cells (Figure S2D) . However, Hcm1's transient accumulation in late meiotic S phase is not affected by the AMA1 deletion (Figure S2C) . Thus, while Hcm1 activates the NDD1 gene in a normal meiosis, Ama1 triggers proteolysis of the Ndd1 protein.
Ama1-Dependent Proteolysis of Ndd1 and Clb4 Links Spindle Formation to Ndt80
Cells expressing NDD1 from the mitosis-specific SCC1 promoter ( SCC1 ndd1) proliferate normally and produce viable spores. Importantly, they fail to produce Ndd1 in meiosis even when they lack Ama1. In ndt80D ama1D cells, depletion of Ndd1 strongly reduces the levels of Clb1/2, Cdc5, and Cdc20 ( Figure 2A ). Thus, elimination of the meiosis-specific APC/C Ama1 leads to induction of M phase genes by a normally mitosis-specific transcriptional activator. However, ndt80D ama1D SCC1 ndd1 cells still form a spindle because they express Clb4, which does not require Ndd1 (Spellman et al., 1998) . Deletion of CLB4 in ndt80D ama1D cells delays but does not prevent spindle formation because these cells produce Clb1/2 ( Figure 2A ). Accordingly, elimination of both Ndd1 and Clb4 causes ndt80D ama1D cells to arrest without a spindle, similar to ndt80D cells. We conclude that Ndd1 and Clb4 are capable of inducing spindle formation in ndt80D ama1D cells.
Inhibition of M-Cdk1 in ndt80D ama1D cells reduces both expression of M phase proteins and conversion of Ndd1 into highmolecular-weight species ( Figure S2A ), suggesting that M-Cdk1 phosphorylates and activates Ndd1. Accordingly, Ndd1 lacking all 16 Cdk1 phosphorylation motifs (Ndd1-16A) is less modified in cells with high M-Cdk1 activity ( SCC1 cdc20 ama1D) and fails to induce M phase proteins in ndt80D ama1D cells ( Figure 2B ). Furthermore, expression of the Ndd1 target gene CDC5 is strongly reduced in ndt80D ama1D cells lacking Clb1/2/4 but is barely affected in clb1/2 double and clb4 single mutants (Figure S2E) . Cdc20 expression is even more sensitive to M-Cdk1 activity, being strongly reduced in all three cyclin mutants. This suggests that, in ndt80D ama1D cells, Ndd1 is activated by Cdk1-Clb4 and also by Cdk1-Clb1/2, which is a product of Ndd1's activity. In the WT, APC/C Ama1 destroys both Ndd1 and the Ndd1-activating Cdks, which provides a robust block to mitotic cell-cycle control in meiotic prophase.
Imaging of Cnm67-RFP at SPBs and Ndt80-GFP revealed that 71% of ama1D cells separate SPBs before Ndt80 appears (Figure 2C) . Premature spindle formation is reduced to 32% upon depletion of Ndd1 and to $2% upon deletion of CLB4. The strong effect of the CLB4 deletion results from both the lack of Cdk1-Clb4 activity and reduced levels of Clb1/2 due to a decrease in Ndd1's activity ( Figure S2E ). We conclude that Ama1-dependent degradation of Clb4 prevents premature spindle formation in a normal meiosis. Our data predict, however, (B) Protein detection in extracts from meiotic SCC1 cdc20 ama1D ndd1D and ndt80D ama1D ndd1D cells expressing Ndd1-ha or the phosphosite mutant Ndd1-16A-ha. (C) Live imaging of Ndt80-GFP and SPBs (Cnm67-RFP) in meiosis of AMA1 cells, ama1D cells, and ama1D cells lacking Ndd1 or Clb4. Top, representative timelapse series showing premature SPB separation (arrow), relative to Ndt80 appearance (t = 0), in the ama1D mutant. Bottom, the presence of Ndt80, two SPBs, and four SPBs was scored every 10 min in 100 cells, in which appearance of Ndt80 was set to t = 0. See also Figure S2 . that degradation of both Clb4 and Ndd1 is important to halt spindle formation when the RC delays the appearance of Ndt80 (see below).
Ama1 Is Required for Proper Homolog Segregation at Anaphase I
To investigate whether Ama1 is important for proper homolog segregation at MI, we used strains in which both copies of chromosome V are marked with TetR-GFP bound to tetO repeats at the URA3 locus (homozygous URA3-GFP; Tó th et al., 2000) . WT cells show GFP signals at both spindle poles in anaphase I and at each of the four spindle poles in anaphase II. Chromosome V missegregation in MI and MII is below 1%. In the ama1D mutant, however, 23% of anaphase I cells show both chromosome V homologs at the same spindle pole ( Figure 3A) . A similar fraction of anaphase II cells segregates the GFP-marked sister chromatids on only one of the two spindle axes, which might result from homolog nondisjunction at MI. In a strain that segregates sister chromatids instead of homologs at MI (mam1D rec8D::P REC8 -SCC1 spo11D; Tó th et al., 2000) , the vast majority of GFPmarked URA3 sister sequences disjoin properly at anaphase I in the absence of Ama1 ( Figure 3B ). Thus, Ama1 is specifically required for accurate segregation of homologs. In ama1D cells, depletion ( SCC1 ndd1) or inactivation (ndd1-16A) of Ndd1 reduces homolog nondisjunction to 4%, whereas deletion of CLB4 has no effect ( Figure 3A) . Similar results were obtained for chromosome II marked with GFP at LYS2 (data not shown). Thus, expression of an Ndd1 target gene, but not premature spindle formation, is the major cause for homolog missegregation in ama1D mutants.
To investigate whether Ama1 is required for normal CO formation, we first asked whether ama1D cells generate the DSBs that initiate recombination. DNA blot analysis of the his4::LEU2 recombination hot spot (Storlazzi et al., 1995) revealed that DSBs appear and disappear with normal kinetics in ama1D cells ( Figure 3C ). Formation of COs and noncrossovers (NCOs) is reduced in the mutant but is restored to WT levels upon depletion of Ndd1 ( Figure 3D ). Facile repair of DSBs, together with reduced interhomolog recombination in ama1D cells, implies that many DSBs are repaired from the sister chromatid rather than the homolog. Reduced CO formation is consistent with frequent nondisjunction of homologs in ama1D cells.
APC/C
Ama1 Is Required for the Assembly of
Synaptonemal Complexes
COs are formed in the context of the SC. Thus, we imaged the GFP-tagged transverse filament protein Zip1 (Sym et al., 1993) together with the SPB component Cnm67-RFP ( Figure 4A ). In WT cells, Zip1-GFP first appears as a uniform nuclear signal and then forms several dots or short stretches when it starts to associate with chromatin. Longer, worm-like structures, representing mature SCs, appear in pachytene but abruptly disappear shortly before SPBs separate. In ama1D cells, Zip1-GFP appears on time but fails to accumulate to normal levels and to form SCs. Premature SPB separation creates cells containing (diffuse) Zip1-GFP and two SPBs, which is not observed in the WT. These data suggest that Ama1 is required for proper SC assembly.
Ama1 might promote SC formation by preventing the disassembly process from occurring prematurely and independently of Ndt80. Thus, we detected Zip1 and SPBs on chromosome spreads from strains lacking Ndt80 ( Figure 4B ). In early prophase I, ndt80D spreads show weak, punctuate Zip1 signals, which develop into continuous SCs as cells arrest in pachytene. Although ndt80D ama1D spreads show weak Zip1 staining at early time points, Zip1 subsequently disappears from chromatin without forming SCs, giving rise to spreads with separated SPBs and no Zip1. Also, the AE proteins Red1, Hop1, and Mek1 accumulate on spreads from ndt80D cells but appear only transiently on ndt80D ama1D spreads ( Figures 4B and S3) . In protein extracts from ndt80D ama1D cells, Red1 and Zip1 are detectable only briefly in early prophase I, whereas Hop1 and Mek1 accumulate as in ndt80D extracts ( Figure 4C ). Hop1 and Mek1 likely disappear from chromatin in ndt80D ama1D cells because their association with chromosomes requires Red1 (Bailis and Roeder, 1998; Smith and Roeder, 1997) . Appearance of Red1 and Zip1 is also brief in ndt80D apc2-2 cells ( Figure S1C ), suggesting that APC/C Ama1 is required for maintaining the integrity of AE and the SC during prophase I, prior to the accumulation of Ndt80.
Ndd1-Dependent Accumulation of Cdc5 Prevents SC Assembly in ama1D Cells
Imaging of Zip1-GFP and SPBs marked with Cnm67-RFP in ama1D strains revealed that deletion of CLB4 prevents premature spindle formation but has little effect on the SC ( Figure 4A ). By contrast, elimination of Ndd1 ( SCC1 ndd1) delays spindle formation only slightly but restores normal SC assembly. As a result, SCs appear in the presence of separated SPBs. Removal of both Clb4 and Ndd1 causes SC assembly, SC disassembly, and spindle formation to occur with normal timing in ama1D cells. Next, we tested whether elimination of Ndd1 from ama1D cells is sufficient to restore the Ndt80 dependence of SC disassembly. ndt80D ama1D SCC1 ndd1 triple mutants resemble ndt80D single mutants in that they accumulate AE proteins and Zip1 and form normal SCs, which do not disassemble (Figures 4B, 4C, and S3) . This suggests that Ama1-mediated degradation of Ndd1 renders SC disassembly dependent on Ndt80. Which Ndd1-regulated protein triggers SC disassembly in ama1D cells? The polo kinase Cdc5 is a strong candidate; in its absence, Zip1 persists on chromatin as cells enter metaphase I (Clyne et al., 2003) , and expression of CDC5 in ndt80D cells removes Zip1 from chromatin (Sourirajan and Lichten, 2008) . We found that, although Red1 and Zip1 are very stable in ndt80D cells ( Figure S4A ), they are rapidly degraded when Cdc5 is expressed from an estradiol (EST)-inducible promoter (P EST -CDC5; Figure S4B ). In ndt80D ama1D cells, meiotic depletion of Cdc5 ( SCC1 cdc5) or inactivation of analog-sensitive Cdc5-as with the inhibitor CMK (Snead et al., 2007) does not affect early spindle formation but restores accumulation of Red1 and Zip1 as well as assembly of normal SCs ( Figures 5A and 5B) . Thus, Ndd1 might trigger SC disassembly in ndt80D ama1D cells by promoting expression of Cdc5, and ama1D cells fail to assemble SCs because Ndd1 causes Cdc5 to appear prior to Ndt80. Indeed, live imaging showed that Cdc5-GFP appears 80 min earlier in ama1D cells than in the WT ( Figure S4C ). In a WT meiosis, the Ndd1 protein is barely detectable, and Cdc5 accumulates together with Ndt80 after the appearance of Zip1 ( Figure 5C ). allele produce similar amounts of protein ( Figure S4D Figure 3A) . We conclude that defective SC assembly and homolog missegregation in ama1D cells stem from premature expression of (stabilized) Cdc5 by the mitotic transcriptional coactivator Ndd1.
APC/C Ama1 Promotes Arrest at Prophase I in Response to DSBs
In the presence of DSBs, the RC prevents Ndt80-dependent expression of M phase proteins. Because ama1D mutants accumulate M phase proteins independently of Ndt80, Ama1 might be required for the prophase I arrest elicited by DSBs. To test this, we used the rad50S mutation, which blocks all post-DSB processes by preventing Spo11's removal from DSB ends (Keeney et al., 1997) . rad50S and rad50S ama1D cells accumulate DSBs with similar kinetics, confirming that Ama1 is dispensable for DSB formation ( Figure S5A ). Whereas rad50S cells arrest in prophase I, rad50S ama1D cells rapidly progress through both meiotic divisions ( Figure S5B ), and rad50S apc2-2 cells enter metaphase I ( Figure S5C ). This suggests that APC/C Ama1 activity is required for the prophase I arrest of rad50S mutants. In cells lacking the meiosis-specific recombinase Dmc1, DSBs are converted to single-strand overhangs but then fail to undergo repair, which causes arrest in prophase I (Bishop et al., 1992) . The exposure of single-stranded DNA in the dmc1D mutant is thought to elicit a stronger checkpoint response (at least in SK1 strains) than the unprocessed DSB ends in rad50S cells (Carballo et al., 2008) . Nevertheless, dmc1D ama1D double mutants progress through both meiotic divisions ( Figure 6A ). Although DSBs are still detectable at late time points in these cells, their levels are reduced, probably due to DSB repair from the sister chromatid. To prevent intersister recombination, we also eliminated Rad51, the second recombinase present in meiotic cells (Shinohara et al., 1992) . dmc1D rad51D ama1D triple mutants progress through MI and MII with similar kinetics as ama1D single mutants ( Figure S5D ). We conclude that Ama1 is required for the prophase I arrest in response to persistent DSBs. rad50S, dmc1D, and dmc1D rad51D mutants lacking Ama1 accumulate not only M phase proteins but also high levels of Ndt80, indicating that the RC has been disabled ( Figures 6A,  S5B , and S5D). RC activity requires phosphorylation of Hop1 by checkpoint kinases, which can only occur once Hop1 has been recruited to chromatin by Red1 (Carballo et al., 2008) . Thus, rad50S, dmc1D, and dmc1D rad51D mutants arrest with high levels of Red1 and phosphorylated Hop1. In the absence of Ama1, however, Red1 appears only briefly, and Hop1 phosphorylation is transient ( Figures 6A, S5B , and S5D), suggesting that the AMA1 deletion prematurely disables the RC pathway rather than merely driving cells out of the prophase I arrest due to the activation of M-Cdk1. By contrast, deletion of SWE1 has a much weaker effect; only a fraction of rad50S swe1D (20%) or dmc1D swe1D (<3%) double mutants enter MI, and the phosphorylation of Hop1 persists ( Figure S5B and data not shown).
Ama1-Dependent Proteolysis of Cdc5, Clb4, and Ndd1
Maintains the Checkpoint Arrest at Prophase I Inactivation of the RC in ama1D mutants might result from the accumulation of Cdc5, which causes degradation of Red1 and dissociation of Hop1 from chromatin. To test this idea, we expressed Ha-tagged CDC5 from an EST-inducible promoter in arrested dmc1D and rad50S cells (Figures 6B and S6A ). This causes degradation of Red1 and loss of Hop1 phosphorylation, followed by the accumulation of Ndt80 and M phase proteins. Cells progress through both meiotic divisions and form inviable spores. Thus, accumulation of Cdc5 is sufficient to inactivate the RC in repair-deficient mutants. In dmc1D ama1D cells, depletion of Cdc5 restores accumulation of Red1 and persistent phosphorylation of Hop1. Ndt80 fails to accumulate even at late time points, indicating continuous RC activity ( Figure 6C ). This suggests that APC/C Ama1 plays an indirect role in RC function; by suppressing the accumulation of Cdc5, it maintains normal levels of Red1 and phosphorylated Hop1. However, dmc1D ama1D SCC1 cdc5 cells still form a spindle due to the presence of Clb4 and Ndd1. Indeed, dmc1D ama1D SCC1 cdc5 clb4D SCC1 ndd1 quintuple mutants arrest in prophase I, similar to dmc1D single mutants ( Figure 6C ). This arrest depends on DSBs because deletion of SPO11 causes the quintuple mutant to enter MI ( Figure S6B) .
Induction of CDC5-ha in dmc1D or rad50S cells triggers a positive feedback loop; inactivation of the RC by Cdc5-ha causes activation of Ndt80, which leads to expression of endogenous, untagged Cdc5 ( Figure 6B ). Indeed, this feedback loop involves Ndt80; induction of CDC5-ha in dmc1D ndt80D cells causes Red1 degradation and loss of Hop1 phosphorylation but does not trigger accumulation of endogenous Cdc5 ( Figure 6B ). In dmc1D ama1D cells, Ndd1 and Clb4 might initiate the Cdc5CRCCNdt80/Cdc5 feedback loop, causing rapid inactivation of the RC. To test whether the feedback loop also operates in cells that stabilize Cdc5 but do not accumulate M phase proteins prematurely, we analyzed dmc1D ama1D clb4D SCC1 ndd1 quadruple mutants ( Figure S6C ). In these cells, phosphorylation of Hop1 persists, and accumulation of M phase proteins is suppressed for several hours. Eventually, however, the levels of Red1 and phosphorylated Hop1 decline. At the same time, Cdc5 appears in an Ndt80-dependent manner, indicating that the feedback loop has been initiated.
Inhibition of Ama1-Dependent Proteolysis at Exit from Prophase I Accumulation of M phase proteins at the prophase-I-to-metaphase-I transition might require inhibition of Ama1-dependent proteolysis. In cells arrested by meiotic depletion of Cdc20 ( SCC1 cdc20), M phase proteins are similarly stable in the presence and absence of Ama1, suggesting that APC/C Ama1 is inactive at metaphase I ( Figure 7A ). To test whether M-Cdk1 inhibits proteolysis of M phase proteins, we expressed different cyclins from an EST-inducible promoter in ndt80D cells ( Figure 7B ). Metaphase I levels of Clb1 trigger accumulation of M phase proteins and spindle formation in a manner dependent on Cdk1 activity. Other B-type cyclins ( Figure S7A ) or Cdc5 (data not shown) have no such effect. Thus, induction of Cdk1-Clb1 activity by Ndt80 is sufficient to inhibit Ama1-dependent proteolysis. This creates two different states: APC/C Ama1 is active and suppresses its inhibitor Cdk1-Clb1 in prophase I, whereas the reverse is true at metaphase I. If Cdk1-Clb1 were the sole inhibitor of APC/C Ama1 , Clb1 should be essential for exit from prophase I. However, clb1D cells express M phase proteins on time ( Figure S7B ), and M phase proteins accumulating in SCC1 cdc20 cdc28-as cells treated with 1NMPP1 are stable (Figure S7C ). This suggests that Ndt80 produces an additional inhibitor (AI) of APC/C Ama1 . Induction of two (or more) inhibitors provides Ndt80 with a robust mechanism to overwhelm Ama1-dependent proteolysis. Ndt80's appearance at exit from prophase I raises the question of whether Ndt80 itself is a target of APC/C Ama1 in prophase I. To investigate this, we first inactivated Ndt80 with an R177A mutation in the DNA-binding domain (Montano et al., 2002) . Ndt80-R177A expressed in ndt80D cells fails to generate M phase proteins and, by implication, Ama1-inhibitors ( Figure S7D ). Next, we measured the stability of Ndt80-R177A in prophase I and found similar half-lives in the presence and absence of Ama1 ( Figure S7E ). However, Ndt80-R177A is degraded in an Ama1-dependent manner in late meiosis, similar to Ndt80-GFP ( Figure S7F ). Thus, Ndt80 is protected from Ama1-dependent proteolysis in prophase I, which facilitates its rapid accumulation when the RC is silenced.
A Quantitative Model for the Prophase-to-Metaphase Transition of Meiosis I Integrating our data with previous work (see Introduction) results in a regulatory network for the transition from prophase I to metaphase I ( Figure 7C ). In this network, positive feedback loops facilitate entry into metaphase I by activating M phase kinases: (1) Cdk1-Clb1 and APC/C Ama1 inhibit each other; (2) by producing cyclins, Ndd1 and Ndt80 generate M-Cdk1 activity, which activates these transcription factors; (3) Ndt80 enhances its own synthesis; (4) by promoting SC and axis disassembly, Cdc5 silences the RC, which leads to derepression of Ndt80 and further expression of Cdc5. Because APC/C Ama1 and the RC counteract these amplification loops, they are both essential for the low-kinase state of prophase I. Although Ama1 directly targets cyclins and Cdc5, it also prevents their Ndd1-dependent synthesis. Simultaneous direct and indirect inhibition, called a coherent feedforward loop, provides a robust restraint on mitotic cell-cycle controls in meiotic prophase.
To investigate systems-level properties, we converted the network into a mathematical model (see Supplemental Information), which faithfully simulates the behavior of the WT and the mutants studied here ( Figure S8 ). Our model predicts two stable steady states ( Figure 7D ); in the low-kinase/prophase I state, M phase kinases are inactive because cyclins and Cdc5 are short-lived and their synthesis is low. The opposite is true in the highkinase/metaphase I state. Importantly, the model predicts a bistable control system-the low-kinase state and the high-kinase state coexist over a wide range of Ama1 levels. Within this range, changes in Ama1 level have little effect on M phase kinase activities. The limits of the bistability area are determined by the activity of the inhibitors of APC/C Ama1 . When DSBs are present ( Figure 7D , red curve), the RC is active, and the low-kinase state is stable at WT levels of Ama1 ( Figure 7D, arrow) . As cells repair DSBs and silence the RC, Ndt80 produces inhibitors of Ama1, and higher levels of Ama1 are required to maintain the lowkinase state in the absence of DSBs ( Figure 7D , blue curve). Because the cellular level of Ama1 remains constant, the system jumps into the only stable state remaining at WT levels of Ama1, the high-kinase state.
Bistability implies that the low-and the high-kinase states can be reached with the same level of Ama1, depending on whether Ama1 and the RC or their inhibitors get the upper hand. To test this, we analyzed dmc1D SCC1 cdc20 cells, whose AMA1 gene is controlled by an EST-inducible promoter. In the absence of EST, cells inactivate the RC and arrest in metaphase I due to the lack of Cdc20 ( Figure 7E ). The regulatory system is forced into the high-kinase state because the low-kinase state does not extend to Ama1 levels close to zero. Early induction of AMA1 causes arrest in the low-kinase state because Ama1 is able to suppress the production of inhibitors of APC/C Ama1 and the RC. By contrast, late expression of similar amounts of Ama1 leads to arrest in the high-kinase state. Here, Ama1 appears only after the inhibitors of APC/C Ama1 and of the RC have become active.
DISCUSSION
Mitosis and meiosis differ in the mechanisms that prepare replicated chromosomes for segregation in M phase. Mitotic cells repair DSBs (caused by DNA replication) from the sister chromatid during G2 (in animals) or metaphase (in budding yeast). By contrast, meiotic cells generate DSBs deliberately and assemble SCs to promote DSB repair by interhomolog recombination, which creates COs. Because M phase kinases trigger the disassembly of SCs, meiotic recombination has to be completed during prophase I. Thus, the RC blocks entry into MI as long as DSBs are present. The long meiotic prophase might be threatened by mitotic M phase controls, which are resistant to the RC and activate M phase kinases shortly after S phase. We show that, in yeast, the meiosis-specific APC/C Ama1 suppresses the mitotic transcription factor Mcm1-Fkh2-Ndd1 so that entry into MI is controlled by the meiotic transcription factor Ndt80, which is sensitive to the RC.
APC/C Ama1 Suppresses Mitotic Cell-Cycle Controls in
Prophase I In the absence of Ama1, exit from prophase I is ''hijacked'' by mitotic cell-cycle controls; Clb4 appears when the activity of APC/C Cdh1 declines during S phase, followed by Ndd1-dependent accumulation of Clb1 and the mitotic cyclin Clb2. As a result, spindle formation occurs independently of Ndt80 and shortly after S phase. However, the AMA1 deletion does not affect the mechanisms that restrict expression of Clb3 to MII (Carlile and Amon, 2008) . Due to the presence of Ndd1, Cdc5 also accumulates prematurely in ama1D cells, which causes a defect in the assembly or maintenance of AEs and leads to the repair of most DSBs from the sister chromatid. As a result, few COs are generated, and homologs frequently missegregate in MI. Why is NDD1 expressed in meiosis? Yeast cells exposed to rich medium during prophase I abandon meiosis and restart the mitotic cell cycle in G2, implying a capacity to rapidly resume expression of M phase kinases (Dayani et al., 2011) . Interestingly, return to growth (RTG) is not possible once cells exit from prophase I when NDD1 expression declines. We suspect that RTG involves inactivation of Ama1, which might be facilitated by its relatively short half-life.
Despite its essential role in regulating prophase I, orthologs of Ama1 have so far only been identified in yeasts (Cooper et al., 2000) . However, Ama1 is more similar to Cdh1 than to Cdc20, and the function emerging for Cdh1 in mammalian oocytes resembles that of Ama1. These oocytes undergo recombination during embryogenesis and then arrest in prophase I for many months in mice and several decades in humans until they are fully grown and receive the hormonal stimulus for ovulation. Knockout of the Cdh1 gene during oocyte growth compromises the arrest in a fraction of oocytes and correlates with increased cyclin B levels (Holt et al., 2011) . Whether Cdh1 plays a role in the prophase I arrest of nongrowing oocytes is unclear. Cdh1 is also required for the prophase arrest induced by DNA damage in proliferating mammalian cells (Bassermann et al., 2008) , and it is generally important for preventing premature exit from G1 in dividing and differentiated cells (Peters, 2006) . Thus, Cdh1-related APC/C activators might be required whenever cells need to prolong a phase with low M-Cdk1 activity.
Because Ama1 is active in prophase I, its regulation differs in several aspects from that of Cdh1, which is active primarily during G1 in yeast. First, Ama1 is inhibited only by M-Cdk1, whereas Cdh1 can be inactivated by both S-and M-Cdk1. Second, Ama1-dependent proteolysis during prophase I must spare the securin Pds1, which is essential to protect sister chromatid cohesion from premature cleavage by separase. The APC/C subunit Mnd2 has been identified as an inhibitor of Ama1-dependent ubiquitinylation of securin/Pds1 during prophase I (Oelschlaegel et al., 2005; Penkner et al., 2005) . Thus, proper chromosome segregation at MI depends on the simultaneous activation and inhibition of APC/C Ama1 toward different substrates, which is realized by the remarkable-but hitherto unexplained-specificity of Mnd2.
Ama1 Enables Cells to Arrest in Prophase I in Response to DSBs
Mutations that block the repair of DSBs induce a prolonged arrest in prophase I because the RC prevents the accumulation of Ndt80. Whereas the AMA1 deletion has no obvious effect on DSB formation, it eliminates the prophase I arrest in repair-deficient mutants. This is consistent with our finding that ama1D mutants produce M phase proteins independently of Ndt80. However, the AMA1 deletion does not merely override the prophase I arrest due to M-Cdk1 activity generated by Clb4 and Ndd1. Rather, premature accumulation of Cdc5 inactivates the RC because it allows AE proteins to associate with chromatin only briefly in early prophase I. AE proteins are required for several steps along the recombination pathway, including DSB formation, inhibition of intersister recombination, RC signaling, and SC formation (Hochwagen and Amon, 2006) . Our finding that the AMA1 deletion does not reduce DSB formation in rad50S cells, where all post-DSB processes are blocked, suggests that the transient appearance of AE proteins on chromatin is sufficient for normal DSB formation, whereas later functions of AE proteins are defective in ama1D cells. RC signaling in response to persistent DSBs requires phosphorylation of Hop1 by the checkpoint kinases Mec1/ATR and Tel1/ATM, which depends, in turn, on the recruitment of Hop1 to chromatin by Red1 (Carballo et al., 2008) . We find, indeed, that Hop1 phosphorylation is lost when Red1 is degraded, and Hop1 disappears from chromatin in rad50S mutants lacking Ama1. This inactivates the RC despite the persistence of DSBs. Interestingly, DSBs persist at significant levels in dmc1D ama1D cells, although the AMA1 deletion removes the block to DSB repair by intersister recombination. This may be explained by sequestration of repair proteins by single-stranded DNA, which accumulates to large quantities in the absence of Dmc1 (Johnson et al., 2007) .
In ama1D cells, inactivation of the RC upon accumulation of Cdc5 leads to the appearance of Ndt80 and further synthesis of Cdc5 in a positive feedback loop. This feedback loop operates even in ama1D cells lacking Ndd1, albeit with a delay. In the WT, Ama1-dependent proteolysis suppresses the feedback loop as long as DSBs are present. While DSB repair removes the checkpoint-inducing DNA lesion, the concomitant appearance of Cdc5 terminates checkpoint signaling, which renders exit from prophase I irreversible. Interestingly, a similar mechanism has been proposed for the spindle assembly checkpoint (SAC), which delays activation of APC/C Cdc20 until all kinetochores have properly attached to microtubules (He et al., 2011) . Once signaling from unattached kinetochores ceases, APC/ C Cdc20 triggers the destruction of proteins required for SAC function. This creates a positive feedback loop that renders exit from metaphase irreversible. Positive feedback loops might be a general feature of checkpoint control; they help to explain how checkpoints can be both exquisitely sensitive and rapidly silenced.
Regulation of the Transition from Prophase I to Metaphase I Our data, together with published work, reveal a regulatory network for the prophase-I-to-metaphase-I transition in which the transcription of M phase genes is coregulated with the stability of the gene products. During prophase I, Ama1 triggers the degradation of M phase proteins and additionally represses their synthesis by targeting Ndd1. This dual inhibition, or coherent feedforward loop, suppresses mitotic cell-cycle controls, which are resistant to the RC. To render the accumulation of M phase proteins dependent on DSB repair, Ama1 targets the gene products controlled by Ndt80, but not Ndt80 itself, which is repressed instead by the RC. When DSBs are repaired, multiple positive feedback loops enable Ndt80 to produce inhibitors of APC/C Ama1 and the RC. Quantitative modeling shows that this network exhibits bistable behavior. States of low and high kinase activity can be reached at the same level of Ama1, depending on whether APC/C Ama1 and the RC or their inhibitors prevail. WT cells entering meiosis are driven into a stable low-kinase/prophase I state because they express Ama1 and form DSBs before M phase proteins can accumulate. Upon repair of DSBs, the appearance of Ndt80 eliminates the low-kinase state at Ama1 levels characteristic of prophase I, forcing the system into the high-kinase/metaphase I state. Because the high-kinase state is self-maintaining, a negative feedback loop is required for progression beyond metaphase I. Negative feedback might be provided by M-Cdk1-dependent activation of APC/C Cdc20 , offering the prospect of extending our model to a dynamic description of the entire meiosis.
The bistable switch that triggers the irreversible transition from prophase I into metaphase I results from positive and doublenegative feedback loops. In the mitotic cell cycle, irreversible transitions at G1-S, G2-M, metaphase-anaphase, and mitotic exit are also based on positive feedback loops and behave as bistable switches (He et al., 2011; Novak et al., 2007) . Spontaneous autoactivation of these positive feedback loops is generally suppressed by an inhibitor, which stabilizes the pretransition state of the switch. During the transition, the inhibitor is inactivated by a cell-cycle activator, which creates a double-negative feedback loop in the network and keeps the inhibitor inactive in the posttransition state. For example, the PP2A phosphatase, which inhibits the Cdk1-Clb amplification loop controlled by Wee1 and Cdc25 in G2, gets inhibited by Cdk1-Clb in M phase through activation of the Greatwall-Endosulfine pathway (Mochida et al., 2010) . The role of APC/C Ama1 at the prophase-I-tometaphase-I transition is analogous to that of PP2A at G2-M, although the biochemical reactions differ. Thus, similar design principles govern transitions in the cell cycle and in meiosis. Positive and double-negative feedback loops might be universal network motifs in cellular decision-making processes.
EXPERIMENTAL PROCEDURES Yeast Strains
We used diploid Saccharomyces cerevisiae SK1 strains with the genotypes listed in Table S1 . A Gal4-estrogen receptor fusion was used for EST-inducible expression from the GAL promoter (called P EST herein; Benjamin et al., 2003) . APC/C substrates were expressed in prophase I from the DMC1 promoter and stabilized by mutating D-boxes (RxxL/AxxA) or KEN-boxes (KEN/AAA) or by removing the first 70 residues of Cdc5. In ndd1-16A, all (S/T)P motifs of Ndd1 have been mutated to AP. CTA cdc5 carries the promoter mutations
/T, and C À498 /A (Koranda et al., 2000) . PCR-generated cassettes were used for C-terminal tagging and promoter replacements. Details of strains constructions are given in Supplemental Information.
Meiotic Cultures
To induce meiosis, cells were transferred to sporulation medium (SPM, t = 0) at 30 C as described (Matos et al., 2008) . Temperature-sensitive mutants were transferred to SPM at 25 C and shifted to 32 or 34 C at the indicated times.
Protein stability was measured after addition of CHX (0.5 mg/ml). cdc28-as cells were treated with 1NMPP1 to inhibit M-Cdk1 (0.5 mM) or S-and M-Cdk1 (5 mM) Bishop et al., 2000) . Cdc5-as was inhibited with CMK (20 mM; Snead et al., 2007) . EST was used at 5 mM.
Analysis of Meiosis
Immunoblotting of whole-cell extracts, Southern blot analysis, live-imaging, and immunofluorescence microscopy of fixed cells and chromosome spreads were performed as described (Matos et al., 2008 
